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Abstract 39 
We model the primary crater production of small (D < 100 m) primary craters on Mars and the 40 
Moon using the observed annual flux of terrestrial fireballs. From the size-frequency distribution 41 
(SFD) of meteor diameters, with appropriate velocity distributions for Mars and the Moon, we 42 
are able to reproduce martian and lunar crater-count chronometry systems (isochrons) in both 43 
slope and magnitude. We include an atmospheric model for Mars that accounts for the 44 
deceleration, ablation, and fragmentation of meteors. We find that the details of the atmosphere 45 
or the fragmentation of the meteors do not strongly influence our results. The downturn in the 46 
crater SFD from atmospheric filtering is predicted to occur at D ~ 10-20 cm, well below the 47 
downturn observed in the distribution of fresh craters detected by the Mars Global Surveyor 48 
(MGS) Mars Orbiter Camera (MOC) or the Mars Reconnaissance Orbiter (MRO) Context 49 
Camera (CTX). Crater counts conducted on the ejecta blanket of Zunil crater on Mars and North 50 
Ray crater on the Moon yielded crater SFDs with similar slopes and ages (~1 Ma, and ~58 Ma, 51 
respectively) to our model, indicating that the average cratering rate has been constant on these 52 
bodies over these time periods.  Since our Monte Carlo simulations demonstrate that the existing 53 
crater chronology systems can be applied to date young surfaces using small craters on the Moon 54 
and Mars, we conclude that the signal from secondary craters in the isochrons must be relatively 55 
small, as our Monte Carlo model only generates primary craters. 56 
 57 
 58 
 59 
 60 
 61 
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1. Introduction 62 
 The accumulation of craters on a planetary surface can be used to determine relative ages 63 
of areas of geologic interest. Assigning absolute ages is done with modeled impact crater 64 
isochrons, a technique that has been developed over several decades (e.g. Hartmann, 1966; 65 
Neukum and Wise, 1976; Hartmann, 1999; Neukum and Ivanov, 1994; Hartmann and Neukum, 66 
2001; Hartmann, 2005). For crater ages on Mars, isochrons are derived from the size-frequency 67 
distribution (SFD) of craters observed on the lunar maria for which we have dated Apollo 68 
samples (Wilhelms, 1987), scaled to account for the ratio of meteoroids at the top the martian 69 
atmosphere relative to the Moon’s and the differences in gravity and average impact velocity of 70 
intersecting orbits. The resulting isochrons yield an expected crater SFD for a given age surface 71 
and provide a means of understanding the absolute timescale of major geological and 72 
geophysical processes.  73 
The SFD is typically described as a power-law with slope n. Deviations from the power-74 
law occur through various processes which, in general, preferentially alter the smaller diameter 75 
crater population, making small craters more challenging to use for age-dating surfaces. Because 76 
of the frequency at which small craters form however, they provide the ability to discriminate 77 
surface ages of geologically young regions and features at a higher spatial resolution where only 78 
small craters are available for dating. This level of resolution is required to establish the temporal 79 
relation of recent geologic activity on Mars such as gully and landslide formation, volcanic 80 
resurfacing, sedimentation, exhumation, dune activity, glaciation and other periglacial landforms, 81 
and the possible relation of such features to obliquity cycles of ~107 y timescale (e.g. Basilevsky 82 
et al., 2009; Burr et al., 2002; Hartmann and Berman, 2000; Kadish et al., 2008; Lanagan et al., 83 
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2001; Malin and Edgett, 2000a, 2000b, 2001; Mangold, 2003; Marquez et al., 2004; Quantin et 84 
al., 2007; Reiss et al., 2004; Shean et al., 2006; Schon et al., 2009). 85 
The Mars Obiter Camera (MOC) aboard the Mars Global Surveyor (MGS), with ~1.5 m 86 
resolution/pixel (Malin et al., 1992), identified 19 fresh craters over a ~6.8 year period (Malin et 87 
al., 2006). Data from the High Resolution Imaging Science Experiment (HiRISE) aboard the 88 
Mars Reconnaissance Orbiter (MRO) is currently providing image data with up to 25 cm pix-1 89 
resolution (McEwen et al., 2007a), and has imaged and confirmed >200 small (< 50 m diameter) 90 
fresh impact craters having formed within the last few decades following their discovery by the 91 
Context (CTX) camera (Malin et al., 2007) on the same spacecraft (Byrne et al., 2009; Daubar et 92 
al., 2010, 2011, 2012; Daubar and McEwen, 2009; Dundas and Byrne, 2010; Ivanov et al., 2008, 93 
2009, 2010; Kennedy and Malin, 2009; McEwen et al., 2007b, 2007c). This offers an 94 
opportunity to study the production of small meter-scale craters on the surface of Mars in greater 95 
detail and refine isochron models for dating young surfaces on Mars.  96 
In this paper, we model crater populations using a Monte Carlo simulation to explore the 97 
primary crater production function at small diameters and the potential influence of present-day 98 
atmospheric filtering. We explore ablation, deceleration, and fragmentation of projectiles as they 99 
traverse the martian atmosphere and compare our results with the 44 fresh craters reported by 100 
Daubar et al. (2013) that have been well constrained by CTX before- and after-images. We then 101 
assess the current impact-crater isochron model of Hartmann (2005) and the estimated ratio of 102 
meteoroids at the top of the martian atmosphere relative to the top of the terrestrial atmosphere, 103 
which is the primary source of uncertainty in isochron models (Hartmann, 2005). 104 
 105 
2.Model 106 
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2.1 Meteoroids traversing the atmosphere 107 
Crater populations are modeled assuming a power law distribution of projectiles at the top of the 108 
atmosphere and account for possible fragmentation and the dependence of mass and velocity on 109 
deceleration and ablation in the atmosphere. The size distribution of projectiles at the top of 110 
Mars’ atmosphere is adapted from the power-law fit to satellite observations of the annual flux of 111 
near-Earth objects colliding with the Earth for objects with diameters < 200 m (Brown et al., 112 
2002): log (N) = co – do log (Dp), where N is the cumulative number of bolides colliding with the 113 
Earth per year, Dp is the meteoroid diameter in meters, co = 1.568, and do = 2.70. This SFD has 114 
been scaled by a factor 2.6, the nominal ratio of meteoroids at the top of Mars’ atmosphere 115 
relative to the Moon from the latest isochron model iteration of Hartmann (2005),  116 
The kinetic energy of an object entering the atmosphere is lost to deceleration and 117 
ablation. The decelerating force due to aerodynamic drag is (e.g., Baldwin and Sheaffer, 1971; 118 
Chyba et al., 1993; Melosh, 1989) 119 
 ݀ݒ݀ݐ ൌ
ܥ஽ߩ௔ܣݒଶ
2݉ ൅ ݃ሺݖሻ sin ߠ (1) 
where ρa is the local density of the atmosphere. The parameters A, v, and m, are the cross-120 
sectional area, the velocity, and the mass of the object respectively, g is the local gravitational 121 
acceleration at altitude z, and θ is the angle of the trajectory measured from the local horizontal 122 
 ݀ߠ݀ݐ ൌ
݃ሺݖሻ cos ߠ
ݒ  (2) 
 Eq. 2 assumes a flat surface geometry and precludes the possibility of projectiles skipping out of 123 
the atmosphere. The drag coefficient, CD, is ~1 in the continuum flow regime (Podolak et al., 124 
1988). Heating of the projectile’s surface during entry is efficiently shed by ablation 125 
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݀݉
݀ݐ ൌ
ܥுߩ௔ܣݒଷ
2ߞ  (3) 
where CH is the heat transfer coefficient and ζ is the heat of ablation (Bronshten, 1983).  126 
To assess the conditions in which deceleration and ablation become substantial, we 127 
employ a heuristic model. Taking the gravity term to be negligible in Eq. (1) for the moment, and 128 
the approximation of an exponential density scale height for the atmosphere, ρa = ρo exp(−z/H), 129 
where z is the altitude, H is the scale height, and ρo is the atmospheric density at the surface, the 130 
final mass of the meteor, mf, can be related to the initial velocity, vi, and final velocity, vf, by 131 
 ݉௙ ൌ ݉௜expൣെߪ൫ݒ௜ଶ െ ݒ௙ଶ൯൧ (4) 
where mi is the initial mass of the object at entry and σ = CH/(2ζCD) is the ablation coefficient. 132 
Combining the above equations and solving (e.g., Davis, 1993), the dependence of mass 133 
and velocity on deceleration and ablation can be seen (Figure 1). Smaller, faster objects are more 134 
readily filtered out by the atmosphere. The condition for significant deceleration can be 135 
estimated to occur when the meteoroid mass is equivalent to the column of atmospheric mass it 136 
encounters, mi ~ ρoHA. Similarly, we can estimate the condition for substantial ablation. Ablation 137 
is more efficient at higher velocities as the ablative energy is proportional to the product of the 138 
drag force and the traversed distance, or, dm·σ-1  ρav2A·vdt. A transition to a high ablation 139 
regime will occur when the energy to ablate the entire meteoroid mass, m·σ-1, is equivalent to the 140 
energy required to traverse the atmosphere to the surface at a given velocity, ρoHA·v2, neglecting 141 
deceleration.  142 
Using these criteria, we can classify the projectiles based on velocity and mass (Figure 2). 143 
For large, slow projectiles, mf ~ mi and vf ~ vi, and the projectile will reach the surface relatively 144 
unchanged. For smaller, slow objects where m < ρoHA, and dm/dt~0, the final velocity decreases 145 
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exponentially ݒ௙~ݒ௜exp ቂെ ఘ೚ு஺௠ୱ୧୬ఏቃ. Fast meteors, defined as having high initial velocities where 146 
vi2 > σ-1, will experience significant ablation, mf < e-1· mi. Large, fast meteors will survive 147 
complete ablation if mσ-1 < ρoHA·v2, where the ablation will be limited by deceleration. These 148 
intermediate projectiles define the wedge shaped region in Figure 2a. Our taxonomic boundaries 149 
based on initial projectile masses and velocities are derived from our numeric modeling for a 150 
range of projectile masses and entry velocities (Figure 2). 151 
2.2 Monte Carlo simulation 152 
We generated model crater populations using a Monte Carlo simulation employing the power-153 
law distribution of meteoroids entering the top of the atmosphere from the previous section and 154 
the normalized distribution of entry velocities at Mars (Bland and Smith, 2000; Davis, 1993; 155 
Flynn and McKay, 1990; Popova et al., 2003): 156 
 ܨሺݒ௜ሻ ൌ 0.0231ݒ௜exp ቈെ൬ݒ௜ െ 1.8068.874 ൰
ଶ
቉ (4) 
where vi ≥ 5 km s-1 (the escape velocity of Mars) with a mean velocity of 10.2 km s-1. Following 157 
Love and Brownlee (1991), the probability distribution of entry angles is taken to be sin(2θ), 158 
which has a maximum at 45° and drops to zero at 0° and 90°. A distribution of 5 groups of 159 
material types derived from the relative observed number of objects entering the terrestrial 160 
atmosphere is taken from Ceplecha et al. (1998). The material groups differ in their ability to 161 
penetrate the atmosphere, with the average ablation coefficient, , and bulk density, ρm, for each 162 
group listed in Table 1. Model results for ordinary chondrites are shown in Figure 3 for a single 163 
initial entry angle of 45°, demonstrating a good match with the results shown in Figure 1. 164 
The resulting crater volumes from the projectiles impacting the surface can be described 165 
by a scaling law that relates impact velocity and projectile and target characteristics (see Melosh 166 
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(1989) for a review). In converting the crater SFD derived from the lunar surface to Mars, 167 
Hartmann (2005) assumes crater diameters, D, scale with impact energy as E0.43 and with gravity 168 
as g−0.17 to account for differences in mean impact velocity and gravitational acceleration 169 
between the two bodies. For small projectiles, the depth of excavation by an impact is small 170 
enough that lithostatic stresses are small relative to the characteristic yield stress of the regolith. 171 
In such cases the resulting transient crater diameter is determined by the yield strength, Ȳ, of the 172 
target material (“strength scaling”), and no longer scales with gravity. The transition from 173 
strength scaling to gravity scaling occurs when Ȳ ~ ρtgRp where Rp, the projectile radius, is taken 174 
to be the characteristic depth and ρt is the target density (Holsapple, 1993). For a regolith of 175 
density 2000 kg m-3 and yield strength of 0.1 – 1 MPa, the transition between strength and 176 
gravity dominated regimes occurs at D ~ 27 – 270 m. This implies that the 1 – 10 m scale fresh 177 
craters discovered by spacecraft over the last decade (Malin et al, 2006; Daubar et al., 2013) are 178 
predominately in the strength scaling regime. Strength scaling results in a reduction in crater 179 
volume relative to gravity scaled craters. As a consequence, the distribution of crater diameters 180 
would be expected to be shallower than that predicted by the isochrons of Hartmann (2005) at 181 
the smallest sizes, which assume all crater diameters scale with gravity. 182 
The cratering efficiency, πv = ρtV/mf, where ρt is the target density and V is the transient 183 
crater volume, is proportional to (Holsapple, 1993): 184 
 ቆߨଶ ൅ ߨଷ
ଶାఓ
ଶ ቇ
ି ଷఓଶାఓ
 (4) 
assuming impactor and target densities are the same, where μ is an empirical constant (ranging 185 
from 1/3 – 2/3). The parameters π2 and π3 are dimensionless numbers describing the cratering 186 
efficiency for gravity scaling and strength scaling, respectively, where π2 = gRp /vf2, the ratio of 187 
the lithostatic pressure at a depth equivalent to the projectile radius and the initial dynamic 188 
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pressure generated by the impact, and π3 = Ȳ/ρtvf2, the ratio of effective target yield strength to 189 
the initial dynamic pressure (Holsapple, 1993). For smaller projectiles, the π2 term becomes 190 
negligible and πv becomes constant with impactor size, depending only on velocity and the 191 
material strength of the target. At large impactor sizes, π2 dominates and the cratering efficiency 192 
is then dependent not only on velocity, but impactor size. The expression for transient crater 193 
volume is (Holsapple, 1993; Richardson et al., 2007; Dundas et al., 2010): 194 
 ܸ ൌ ܭଵ ൬݉௙ߩ௧ ൰ ൭ߨଶ ൬
ߩ௠
ߩ௧ ൰
ଵ
ଷ ൅ ߨଷ
ଶାఓ
ଶ ൱
ି ଷఓଶାఓ
 (5) 
where K1, like μ and Ȳ, are experimentally derived properties of the target material. Taking the 195 
transient crater volume to be (1/24)πDt3, assuming the transient crater depth is roughly 1/3 its 196 
diameter, Dt (Melosh 1989; Schmidt and Housen, 1987), this equation can be expressed in terms 197 
of final crater diameter 198 
 ܦ ൌ 1.3ܭᇱܦ ൬ߩ௠ߩ௧ ൰
ଵ
ଷ ൭ߨଶ ൬ߩ௠ߩ௧ ൰
ଵ
ଷ ൅ ߨଷ
ଶାఓ
ଶ ൱
ି ఓଶାఓ
 (6) 
where K' = (4K1)1/3 for a spherical meteoroid and the factor 1.3 is the ratio of the final rim-to-rim 199 
diameter and the transient crater diameter (Holsapple, 1993). We adopt values for Mars 200 
consistent with dry desert alluvium of Ȳ = 65 kPa, μ = 0.41, K1 = 0.24, and ρt = 2000 kg m-3 201 
(Holsapple, 1993; Holsapple and Housen, 2007) 202 
A minimum impact velocity threshold of 0.5 km s-1 is selected for the formation of 203 
explosive impact crater formation as projectiles with lower speeds are unlikely to generate a 204 
shock wave of sufficient magnitude to crush the target material and excavate an explosive crater 205 
(Popova et al. 2003). The definition of this velocity is not sharply defined and will depend on 206 
target material properties. Pressure wave velocities in competent basalt are typically ~4.5 – 6.5 207 
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km s-1, with values an order-of-magnitude lower for loose, unconsolidated soils. Apollo seismic 208 
investigations found velocities to be ~0.1 – 0.3 km s-1 in the upper 100 m of the lunar regolith 209 
(Kovach and Watkins, 1973; Watkins and Kovach, 1973). 210 
The initial altitude of the modeled projectiles is 100 km. The gas density at this altitude is 211 
reduced by four orders-of-magnitude relative to the atmospheric density at the planet’s surface, 212 
and thus deceleration (Eq. 1) is reduced by four orders-of-magnitude relative to when the 213 
meteoroid is near the surface and is therefore initially negligible. This altitude also represents the 214 
approximate transition between the free molecular flow regime and the continuum regime (i.e. 215 
Knudsen number ~ 0.1, depending on the object size, for a mean free path of ~ 1 cm). 216 
2.3 Aerodynamic breakup 217 
 The fragmentation of meteoroids during their flight through the atmosphere likely influence the 218 
resulting SFD of smaller diameter craters, as more than half (56%) of the >200 fresh craters 219 
observed by HiRISE  are comprised of clusters of individual craters (Daubar et al., 2013). 220 
Numerous additional examples of crater clusters have been observed on the surface of Mars 221 
(Popova et al., 2007) implying that the fragmentation of meteoroids that penetrate deep into the 222 
atmosphere is a common phenomenon on Mars. The aerodynamic breakup of a projectile is 223 
expected when the dynamic pressure experienced during entry, ρav2, exceeds the bulk strength, 224 
m, of the projectile. Bolides entering the terrestrial atmosphere display a wide range of strengths 225 
inferred from the broad range of observed breakup event altitudes with bulk strengths shown to 226 
be ~0.1 – 10 MPa (Ceplecha et al., 1998; Popova et al., 2011). The estimated bulk strengths are 227 
low compared to the tensile strength of recovered samples (typically 1-10 %), implying fractures 228 
and other zones of weakness within the bodies determine bulk strength rather than material 229 
composition (Popova et al., 2011). Dynamic pressures experienced by projectiles entering the 230 
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Martian atmosphere will commonly exceed 1 MPa and therefore fragmentation should be 231 
expected, albeit at a lower altitude than observed in the terrestrial atmosphere. 232 
 Larger, faster objects experience greater dynamic pressure during flight (Figure 4). 233 
Though there is no explicit size dependence on dynamic pressure, smaller objects begin to ablate 234 
and decelerate higher in the atmosphere, and therefore experience smaller peak loading at higher 235 
altitudes than equivalent larger objects. This implies a size dependence on fragmentation from 236 
entry dynamics alone. Further, it is anticipated that larger objects are inherently weaker as they 237 
likely contain a greater number of defects, and a power law relation based on statistical strength 238 
theory (Weibull, 1951) between bulk strength and sample mass is typically assumed in models 239 
(e.g. Artmieva and Shuvalov, 2001; Popova et al., 2003; Svetsov et al., 1995). However, recent 240 
analysis of meteorite fall observations in the terrestrial atmosphere suggests that, at least for 241 
stony objects, the relation between bulk strength and sample mass may be weaker (Popova et al., 242 
2011). A possible size dependence on fragmentation was reported by Ivanov et al. (2010) based 243 
on a preliminary analysis of ~70 fresh craters, and is also exhibited by the 44 fresh craters 244 
observed by Daubar et al. (2013), 25 of which consist of two or more craters (57%). This 245 
percentage increases for craters with D > 5 m to 73% and decreases to 41% for craters with D < 246 
5 m.  247 
3. Results 248 
3.1 Fragmentation 249 
The effects of fragmentation on the crater SFD is explored with the model. We include 250 
aerodynamic break up of meteoroids in the simulation allowing fragmentation to occur when the 251 
dynamic pressure exceeds a threshold bulk strength, m = ρav2 (Figure 5). Fragmentation is 252 
assumed to occur as a single event; however, multiple fragmentation events at different points in 253 
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a meteoroid’s trajectory are sometimes observed during the flight of terrestrial fireballs. 254 
Catastrophic fragmentation (a point source type explosion with thousands of fragments) also 255 
occurs occasionally. We constrain the number of fragments to 2-100 and each fragment is 256 
followed individually to the termination of its flight in order to assess how fragmentation alters 257 
the resulting SFD. The number of fragments generated is assumed to follow a power-law 258 
probability: we adopt a power-law slope of -1.5 for our nominal model and adjust this value to 259 
explore the sensitivity of our results on this exponent. Decreasing the power-law slope results in 260 
a more uniform distribution of fragment numbers, while increasing the slope produces a 261 
distribution favoring fewer, larger, fragments. A cascade of fragment sizes is then generated by 262 
iteratively subtracting random mass fractions from the initial mass which typically results in a 263 
small number of larger fragments and many smaller fragments. We additionally explore selecting 264 
mass fractions with a uniform random distribution of fragment sizes. 265 
 The model is run with 106 initial projectiles with a minimum allowable projectile 266 
diameter of 2 cm. A significant number of these events do not survive, but this minimum value 267 
was found to resolve the atmospheric downturn in the resulting crater SFD allowing the smallest 268 
permissible craters to form.  The same bulk strength is selected for all the projectiles, and 269 
adjusted until the ratio of crater clusters to total impacts for D > 5 m is similar to the 73% 270 
observed for the 44 craters reported by Duabar et al. (2013). We find that a bulk of strength of m 271 
= 0.65 MPa best reproduces the observations, as shown in Figure 6, which plots histograms in 272 
√2 bins of the resulting crater diameters. Both the observed and model craters are dominated by 273 
crater clusters at D > 5 m of approximately the same fraction. Effective diameters are estimated 274 
for the clusters by Deff = (i Di3)1/3, which represents the diameter of an equivalent crater due to a 275 
non-fragmented meteoroid (Malin et al., 2006; Ivanov et al., 2008). 276 
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There is a downturn in the SFD of the craters observed by Daubar et al. (2013) at D ~ 4-5 277 
m. However, the model craters continue to increase in number at smaller diameter bins down to 278 
the D = 0.24 m bin in Figure 6. The majority of craters have small diameters < 1m, and the 279 
fraction of clusters in each bin becomes negligible, with the total fraction of all clusters 280 
comprising only 4% of the total model crater population. This implies that the atmospheric 281 
downturn has not been observed in the fresh craters, and that a significant number of craters with 282 
D < 4-5 m have not been identified. The discovery of fresh craters relies on the detection of dark 283 
spots in CTX images in dusty regions. A swarm of fragments will disturb a larger surface area 284 
creating, in general, larger dark spots. The predominance of single craters at D < 5 m indicates 285 
that detection will be more challenging as dark spots become inherently smaller relative to D at 286 
these sizes, partly explaining the downturn in the observed SFD at 4-5 m.  287 
One might conclude that fragmentation, being only 4% of the events, may not be an 288 
important process in shaping the SFD. However, crater clusters begin to dominate the SFD at the 289 
very diameters that can be reliably detected by CTX, and therefore the effects on absolute ages 290 
derived from crater production functions are considered. Comparing the SFD of the model 291 
craters with craters produced by the same projectiles with fragmentation suppressed (Figure 7), a 292 
difference in age of 7% is obtained when fitting the Hartmann (2005) production function for D 293 
> 4 m. The influence of fragmentation on the crater SFD can be increased by taking the 294 
probability of the number of fragments generated when m is exceeded as random and uniform, 295 
instead of following the -1.5 slope power law (Figure 5b), and a uniform distribution of fragment 296 
masses. In this case we obtain a factor ~0.69 difference in age relative to the age derived if no 297 
fragmentation is allowed to occur (Figure 7b). This represents the case we have considered to 298 
have the largest likely influence on the SFD. 299 
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The change in the crater SFD with fragmentation can be attributed to the mass 300 
dependence on ablation and deceleration and corresponding changes in crater scaling, which is 301 
not accounted for when calculating effective crater diameters, Deff.  Individual fragments 302 
experience greater deceleration and ablation per unit volume than the larger parent meteoroid. If 303 
enough of the total mass is shifted into a high deceleration/ablation regime when the parent 304 
object is broken into individual fragments, Deff  may no longer be representative of the crater 305 
generated by an equivalent unfragmented meteoroid. If the ratio of Deff to the actual D resulting 306 
from the unfragmented projectile is << 1, then Deff  is a poor representation of the equivalent 307 
unfragmented crater. In general, Deff /D < 1 when Deff  ≲ 10 m for the nominal fragmentation 308 
case, with the potential reliability of Deff decreasing with size (Figure 8). Scatter in Deff /D values 309 
is largely due to variations in meteoroid velocities with lower Deff /D for faster objects. Some 310 
events result in Deff /D values slightly greater than 1, predominately at Deff  ≳ 10 m, due to the 311 
dependence of impactor size on gravity scaling where crater efficiency decreases with increasing 312 
impactor size. Consequently, the crater efficiency can be larger for the fragments than for the 313 
parent projectile is some cases. 314 
3.2 Impact-crater isochrons 315 
The technique of dating the Martian surface using predicted crater SFDs for well-preserved 316 
surfaces using impact-crater isochrons has been developed over several decades going back to 317 
the early lunar exploration of the 1960s (e.g. Hartmann, 1966; Neukum and Wise, 1976; 318 
Hartmann, 1999; Neukum and Ivanov, 1994; Hartmann and Neukum, 2001; Hartmann, 2005). 319 
Radiometric and exposure ages from Apollo and Luna samples, correlated with crater 320 
populations, have anchored the lunar cratering chronology. Scaling lunar isochrons for Mars to 321 
account for the ratio of meteoroids at the top of the martian atmosphere relative to the Moon and 322 
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the difference in gravity and average impact velocity provides a means of understanding the 323 
absolute timescale of major geological and geophysical processes on Mars with order of 324 
magnitude accuracy. Degradation of craters over time will result in a departure in the crater 325 
population from the isochrons. An inflection at D~1.5 km separates the isochrons into two 326 
branches with different power-law exponents. This inflection, initially observed in the lunar 327 
craters, divides the crater distribution into a shallow branch with a slope of ~2 and a steep branch 328 
of ~3 on a log-differential plot. In his latest iteration of Mars isochrons, Hartmann (2005) 329 
included an atmospheric model (Popova et al., 2003) to encapsulate the effects of atmospheric 330 
entry of meteors resulting in curvature in the isochrons at sub-km crater diameters. 331 
 During impact, ejecta traveling large distances from a crater are capable of generating 332 
isolated secondary craters that could potentially be mistaken for primary craters. What fraction of 333 
observed crater populations are primary versus secondary, and the consequence of unidentified 334 
secondary craters in dating surfaces, is a matter of debate. McEwen et al. (2005), and McEwen 335 
and Bierhaus (2006), argue that small crater populations are dominated by secondary craters, 336 
rendering smaller craters unreliable for dating.  Hartmann (2005, 2007) however points out that 337 
in formulating isochrons, no attempt is made to exclude all secondaries and contends that the 338 
accumulation of secondary craters are not “contamination” but rather part of the signal. A 339 
population of primary plus secondary craters will have a steeper SFD power law slope than a 340 
population devoid of secondary craters, and McEwen et al. (2005) has proposed that the increase 341 
in slope of the steep branch of crater SFDs is the result of secondaries. 342 
 Our approach of using the observed projectile production function at the top of the 343 
terrestrial atmosphere provides an opportunity to independently test the veracity of lunar and 344 
martian isochrons. We can also constrain the potential influence of secondary craters, as our 345 
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Monte Carlo model only produces primary crater populations. If secondary craters are a 346 
substantial fraction of crater populations, then our model crater SFD should deviate in both slope 347 
and age from the isochrons. Additionally, since we use the present-day flux of projectiles, any 348 
significant deviation in age estimates can be attributed to a variation in impact rate over time. 349 
 We test our model against crater counts conducted on the proximal ejecta of the crater 350 
Zunil. The crater Zunil is selected because it is likely the last D = 10 km scale crater to form on 351 
Mars (McEwen et al., 2005; Hartmann et al., 2010) with an estimated age of ~1 Ma based on the 352 
isochrons of Hartmann (2005), so the distribution of small craters on its ejecta are likely to be 353 
predominately primary. Crater counts were conducted on a ~5 km2 area north of the crater rim 354 
(Figure 9). The resulting crater SFD is consistent with an age ~1 Ma, similar to counts conducted 355 
by Hartmann et al. (2010). We then modeled a population of craters over a 1 Myr period of time 356 
for the same surface area as our crater counts. The resulting SFD from both the counts and the 357 
Monte Carlo model overlap for bins D > 2 m and fall near the 1 Myr isochron of Hartmann 358 
(2005) with a similar slope on a log-differential plot (Figure 9b). Cumulative crater frequencies 359 
are also shown (Figure 9c), and yield effective crater retention ages of 0.903  0.077 Ma and 360 
0.820  0.071 Ma for the counts and the model respectively. Effective diameters from the crater 361 
counts were determined by assuming any craters within 40 m of each other were part of a cluster. 362 
For comparison, the SFD of the individual observed craters and model craters result in a modest 363 
upward revision of ages to  1.03ି଴.଴଻଻ା଴.଴଻଼ Ma and 0.966  0.074 Ma respectively (Figure 9d). As 364 
crater densities increase on a surface, the identification of individual clusters becomes more 365 
difficult, making age determinations more challenging for smaller craters on older surfaces. 366 
 We also conducted a similar Monte Carlo comparison with the 44 fresh CTX-CTX 367 
detected craters. A crater population is modeled for a corresponding area and time represented by 368 
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the CTX craters. The model results in a SFD overlapping with the 1 yr isochron of Hartmann 369 
(2005). However, the fresh craters fall below the isochron as noted by Daubar et al. (2013). The 370 
largest crater, D = 33.8 m, is consistent with a single D ~ 30 m crater predicted to form annually 371 
for the scaled observation area. However, smaller diameter bins are inexplicably under-populated 372 
(Figures 9,10) Note that the atmospheric downturn is expected to occur at much smaller 373 
diameters (sub-meter), and fragmentation will not substantially deplete the SFD at these smaller 374 
sizes (Figure 6b). A lack of a contribution from secondaries to the isochrons also cannot explain 375 
the discrepancy, as our model predicts a primary SFD with a similar slope and age as the 376 
isochron. 377 
 Fresh craters discovered using MOC by Malin et al. (2006) also have an apparent deficit 378 
of craters at all bin diameters when scaled to the 1-yr isochron of Hartmann (2005). The 379 
cumulative distribution of fresh craters, including both CTX-CTX and MOC detections, is shown 380 
in Figure 10. The MOC SFD has been scaled to an equivalent time/area for comparison. The 381 
MOC camera, with a lower resolution, did not detect any craters below D ~ 10 m and detected 382 
fewer craters in all bin sizes that overlap with the CTX craters. All bin sizes (except for the 383 
largest CTX crater) fall below the isochron, and this discrepancy is greater in the lower 384 
resolution dataset. This indicates that observational bias may be the best explanation for the 385 
difference between the predicted SFD and the observed SFDs. If this is the case, then over time, 386 
as additional, larger diameter craters are identified by CTX/HiRISE, the SFD will start to overlap 387 
with the isochron at larger diameter bins since the larger craters are more likely to create 388 
detectable dark spots on the surface. This would then suggest that fresh craters were 389 
undercounted by MOC at all diameters observed.  390 
3.3 Lunar crater counts 391 
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As an additional test, we compare results from the model with crater counts of small craters on 392 
the moon (Figure 11). The ejecta of North Ray crater was selected for its relatively young age, 393 
which has been constrained by cosmic ray exposure ages of Apollo 16 samples to be ~50 Ma 394 
(Arvidson et al., 1975). Our small (0.1 km2) study area only contains craters D  22 m. Applying 395 
the cratering chronology of Neukum et al. (2001), an age of 58.9  11 Ma is derived from the 396 
resulting cumulative SFD, consistent with the age derived by Hiesinger et al., (2012) using a 397 
larger overlapping area. 398 
 A population of projectiles is then generated, again using the size distribution of small 399 
near-Earth objects colliding with the terrestrial atmosphere (Brown et al., 2002) and the velocity 400 
distribution of Marchi et al. (2009), for a period of 58.9 Ma. This results in a total of 42895 401 
craters for the 0.1 km2 surface area using projectiles >0.02 m diameter. Crater scaling parameters 402 
appropriate for the lunar regolith are employed assuming a regolith strength of 10 kPa, K1 = 403 
0.132, and ρt = 1500 kg m-3 (Holsapple, 1983; Holsapple and Housen, 2007; Vasavada et al., 404 
2012). The resulting SFD of the Monte Carol model craters results in a similar age of 57.2  11 405 
Ma (Figure 11). This demonstrates the usefulness of our approach, as we are able to reproduce a 406 
~50 – 60 Ma surface age on the Moon using a limited area containing only small craters. If 407 
craters in this area were predominately secondary craters at these diameters, then our Monte 408 
Carlo model should have predicted a much younger surface age. A similar approach was taken 409 
by Ivanov (2006) to demonstrate that small craters on the Moon must be predominately primaries 410 
on young surfaces ( 100 Ma), consistent with our model. 411 
Our ability to reproduce isochron ages using a small area with a limited range of 412 
diameters not only validates the applicability of small craters for dating young < 60 Ma surfaces, 413 
but also indicates that the cratering rate has on average been constant over this period (Ivanov, 414 
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2006). How secondary craters alter the SFD and whether such small craters can be reliably used 415 
for age dating surfaces in all cases is beyond the scope of this work, but our Monte Carlo 416 
approach does independently confirm that crater-count chronometry systems can accurately date 417 
the youngest surfaces on both the Moon and Mars.  418 
3.4 Sensitivity analysis 419 
The sensitivity of our results to changes in model parameters is evaluated (Table 2). Our nominal 420 
case results in a good fit to the Hartmann (2005) annual isochron for D ≥ 20 m where the model 421 
produces a SFD that results in an age of 1.03  0.017 yr (Figure 12). The Monte Carlo model 422 
does not produce as close a match at smaller sizes where the SFD is best fit with an age of 0.734 423 
 0.0018 yr for D = 4 - 20 m. This may result from a greater atmospheric influence on the 424 
meteoroids at smaller sizes than predicted by the atmospheric model of Popova et al. (2003) that 425 
is incorporated into the isochron, or could be due to Hartmann (2005) assuming gravity scaling 426 
only which would also result in less downturn in the isochron as crater scaling transitions into the 427 
strength regime (Williams et al. 2010).  428 
The mass of the atmospheric column that a meteoroid must traverse will depend on the 429 
location of the event as the elevation of the surface can vary substantially. The highest elevation, 430 
the summit of Olympus Mons, is ~21 km above datum, while at the other extreme, the interior of 431 
Hellas Basin, is ~8 km below. This represents a range of over 2.5 atmospheric scale heights. One 432 
of the most striking characteristics of the topography is that its distribution is bimodal due to the 433 
north-south dichotomy in crust thickness (Smith et al., 1999). The more heavily cratered 434 
highlands in the southern hemisphere have an average elevation of ~1.5 km while the 435 
distribution of lowland elevations narrowly peak 5.5 km lower than the highlands (Aharonson 436 
et al., 2001). This translates to an increase in average atmospheric density at the surface by a 437 
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factor 1.6 between the southern highlands, ρo = 0.0135 kg m-3, and the northern lowlands, ρo = 438 
0.0222 kg m-3. Taking the same model projectiles and generating craters for the two atmosphere 439 
densities representative of the average elevations of the highlands and lowlands, two crater SFDs 440 
are generated for comparison (Figure 12b). Craters D ≥ 20 m result in ages 1.14 yr and 0.993 yr 441 
respectively, bracketing the nominal model results. This is a change of +10.7% and -3.6%. 442 
Fitting the smaller diameters, D = 4 – 20 m, results in ages 0.92 yr and 0.69 yr, a change of 443 
25.3% and -6.0%. The greater sensitivity at the small crater diameters is to be expected as 444 
smaller projectiles are more sensitive to atmospheric conditions. 445 
Increasing and decreasing the ablation coefficients, , has a similar effect as changing the 446 
atmospheric surface density, as an increase in the rate of mass loss results in smaller objects 447 
which in turn results in greater deceleration. Models for the same projectiles with ablation 448 
coefficients half the nominal values and double the nominal values were run (Figure 12c). The 449 
derived ages for craters D ≥ 20 m increased by 13.5% and decreased by 18.2% for  ½ and 450 
2 respectively, and similarly for craters D = 4 – 20 m increased by 28.9% and decreased by 451 
30.4%. 452 
 The model assumes that the different taxonomic types of fireballs distinguished from the 453 
larger Earth-entering meteoroids (Ceplecha et al., 1998; Popova et al., 2003) have the same 454 
fractional distribution at Mars. These types of fireballs differ in their ability to penetrate the 455 
atmosphere and therefore if the proposed fractions of projectiles are substantially different on 456 
average from that observed in the terrestrial atmosphere (Ceplecha et al., 1998), the results will 457 
change. For example, a greater percentage of higher density objects will experience less 458 
deceleration and result in larger craters for a given population of projectiles. The smallest craters 459 
in the simulation, cm-scale, are formed exclusively by iron objects due to their high density 460 
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(7800 kg m-3). Iron meteors however are a small fraction of the total population (3%). The 461 
majority of the objects are Ordinary Chondrites (29%), Carbonaceous Chondrites (33%), and 462 
Cometary Material (26%). None of the Soft Cometary Material objects, with a density of 270 kg 463 
m-3, survive passage through the martian atmosphere. To demonstrate the sensitivity of the 464 
model results to different projectile compositions, we run the simulation assuming pure 465 
compositions of the three predominant types: Ordinary Chondrites, Carbonaceous Chondrites, 466 
and Cometary Material (Figure 12d). The Ordinary Chondrites, with a density greater than the 467 
average combined density, results in a factor >2 increase in age, while the Carbonaceous 468 
Chondrites reduce the age by 37.3% for D = 4 – 20 m and 15.3% for D ≥ 20 m. A meteor 469 
population comprised entirely of Cometary Material results in substantially younger age 470 
estimates, 0.0466 and 0.15 yr for the small and large diameters respectively, younger than the 471 
ages derived from either the MOC or CTX-CTX craters, with a slope that deviates from the 472 
isochron increasingly at smaller D. The crater counts from Zunil in Figure 9c are shown in 473 
Figure 12d for comparison, scaled to the 1yr isochron, showing a slope consistent with a 474 
population of objects with average density similar to the nominal values assumed and 475 
inconsistent with a substantial fraction of icy, low-density impactors.  476 
The crater scaling becomes increasingly sensitive to the target material properties as 477 
projectile diameters decrease with weaker material producing a larger crater for a given 478 
projectile. Details of the target properties, particularly the effective strength, may not be well 479 
constrained and can vary by location, feature, or geologic unit. Dundas et al. (2010) has 480 
demonstrated how this can complicate geologic interpretation as surfaces of the same age, but 481 
differing material properties, may yield different ages. We explore the sensitivity of the model to 482 
a range of target properties.  Figure 12e shows the results for the same population of projectiles 483 
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for four different targets. We take the lunar regolith of section 3.3 as a lower bound on target 484 
strength representing a low density, dry, moderately porous soil, and soft rock and hard rock 485 
from Holsapple (1993) for two targets with greater strength and density than our nominal Mars 486 
regolith. For the rock materials, μ = 0.55, the higher value reflecting lower porosity and therefore 487 
less energy dissipation (Holsapple and Housen, 2007), and K1 = 0.20. The densities are assumed 488 
to be 2250 and 2500 kg m-3 and the material strengths 7.6 and 18.0 MPa for the soft rock and 489 
hard rock respectively (Holsapple, 1993; Richardson et al., 2007). The hard rock gives an upper 490 
bound representative of competent, young basalt that lacks a substantial regolith cover. 491 
The discrepancy in ages between resulting crater SFDs of the different target materials 492 
increases with decreasing D. The populations begin to converge ܦ ≳ 100 m. For D > 20 m, the 493 
lunar regolith model yields a similar age to the nominal model however for smaller craters, the 494 
weaker target material results in larger craters and a corresponding increase in estimated age, 495 
0.903 versus 0.734 yr. The stronger rock materials yield smaller craters and the decrease in 496 
estimated ages with the rock materials results in SFDs that overlap with the observed CTX-CTX 497 
and MOC fresh craters (Figure 12e). For our model to be consistent with the SFD of the fresh 498 
craters, the majority of the craters would have to have formed in relatively strong, competent 499 
rock.  Many of the craters are on Amazonian units in the Tharsis region which is dominated by 500 
Amazonian lava flows, however, the largest CTX crater, D = 33.8 m, formed on the southeast 501 
flank of Pavonis Mons on a relatively young Amazonian volcanic unit (Scott et al., 1998). This 502 
crater is consistent with Hartmann 2005 which predicts an annual D ~ 30 m diameter crater and 503 
its presence in the fresh crater population cannot be attributed to the crater having formed in 504 
weaker target material relative to the other fresh craters. It is tempting to dismiss the single crater 505 
as a statistical outlier. However, it is incorrect to interpret the √݊ error bars in comparison to 506 
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model isochrons as these error bars indicate the 1- range of likely observations not models 507 
given the actual number seen. If we wait an additional year, we may observe no additional events 508 
of this size. However the real flux of events of this size clearly cannot be 0 given that a single 509 
event has been observed and so models with exceedingly low formation rates must be formally 510 
rejected (Aharonson, 2007). 511 
If continued observations of fresh CTX-CTX craters verify that the current observed SFD 512 
is indeed an accurate reflection of the present-day impact crater population, then our model 513 
demonstrates that it is possible to constrain the fraction of impactor material types and average 514 
target material properties for Mars. For example, a population of impactors with average 515 
densities similar or higher than that observed for terrestrial fireballs could be ruled out as they 516 
are not consistent with the current CTX-CTX observations. 517 
4. Discussion 518 
The fact that the slope of the Hartmann (2005) isochrons are the same as that derived in 519 
our study using the present-day annual flux of terrestrial fireballs implies that the isochron 520 
system does not incorporate many unrecognized secondary craters. This is quite surprising 521 
considering McEwen et al. (2005) identify ~107 secondary craters generated by the Zunil crater 522 
forming impact event at distances up to 3500 km away from the primary crater. This implies that 523 
small secondaries should be abundant on the Martian surface. We specifically selected young 524 
surfaces to conduct counts that likely reflect a primary crater population so it is not surprising 525 
that our counts have similar slopes to our model. The isochron system however, is derived from 526 
counts conducted on lunar maria with average ages of 3.5 Ga, surfaces that have had ample time 527 
to accumulate secondaries. Obvious secondaries were not included in those counts and 528 
presumably only unrecognizable distant secondaries were included. It remains unclear how 529 
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secondaries are influencing the crater statistics as we do not identify a secondary signal. We have 530 
not attempted a systematic survey to identify a range of crater diameters and surface ages where 531 
secondaries are influencing the crater SFD, which is beyond the scope of this study, and caution 532 
in using small craters remains warranted as this remains an unresolved issue. However, we do 533 
demonstrate that for young surfaces that are not likely contaminated by secondaries, useful ages 534 
can be derived from crater counts using small craters. 535 
5. Conclusions 536 
Taking the size distribution of the observed annual flux of terrestrial fireballs, scaling the number 537 
by 2.6 for Mars, the nominal value of Hartmann (2005), and appropriate velocity distributions 538 
for Mars and the Moon, we are able to generate crater populations with a remarkably similar 539 
SFD to that predicted by the isochrons of Hartmann (2005) for Mars and Neukum et al. (2010) 540 
for the Moon. Our Monte Carlo model generates a population of primary craters, implying that 541 
the isochrons do not contain a significant secondary crater signal as large numbers of secondaries 542 
would result in a steeper isochron slope than predicted by our model. This further implies that 543 
the inflection from the shallow branch to the steep branch is not attributable to the addition of 544 
unidentified secondary craters. Crater counts conducted on the ejecta blanket of Zunil and North 545 
Ray crater yield SFDs with similar slopes and ages as our model— ~1 Ma and ~58 Ma, 546 
respectively, for Mars and the Moon—demonstrating that the cratering rate on average has been 547 
fairly constant on these bodies over these time periods. 548 
We find that the details of the atmospheric model for Mars do not substantially alter the 549 
results. The Hartmann (2005) isochrons include an atmospheric model (Popova et al., 2003), and 550 
differences between the lowlands and highlands do not result in significant deviations from the 551 
Hartmann isochron, nor do variations in assumed ablation coefficients. Fragmentation did not 552 
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significantly alter the model results and smaller projectiles (D < 5 m) typically were decelerated 553 
enough to avoid fragmentation. The atmospheric downturn predicted by our model occurs at D ~ 554 
10-20 cm, corresponding to projectile masses roughly equivalent to the mass of the atmospheric 555 
column the objects are traversing. This is well below the downturn observed in the fresh craters 556 
detected by CTX at D = 4-5 m (Daubar et al., 2013). The downturn in the CTX SFD is likely due 557 
to detection limits of CTX. The largest fresh crater, D = 33.8 m, observed, is consistent with our 558 
model and the prediction of the Hartmann isochron of one annual D ~ 30 m crater; however, 559 
fewer craters were observed than predicted by the isochron at smaller diameters. It is possible 560 
that D < 30 m craters are underrepresented in the observed CTX craters and continued 561 
observation, allowing for larger craters to form over a longer observation period, may potentially 562 
resolve this question. 563 
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 755 
Tables 756 
Table 1 757 
Distribution of material types based on fireball network observations (Ceplecha et al., 1998). 758 
Group % obs. Density, ρm (kg m-3) Ablation Coef.,  
Irons 3 7800 7.010-8 
Ordinary Chondrites 29 3700 1.410-8 
Carbonaceous Chondrites 33 2000 4.210-8 
Cometary Material 26 750 10.010-8 
Soft Cometary Material 9 270 21.010-8 
 759 
 760 
 761 
Table 2 762 
Sensitivity analysis 763 
Model (1 yr) Best-fit1 isochron from Hartmann (2005) 
 D = 4 – 20 m D = 20 – 300 m 
Nominal 0.734  0.002 1.030  0.017 
Highlands (ρo = 0.0135 kg m-3) 0.920  0.002 1.140  0.018 
Lowlands (ρo = 0.0222 kg m-3) 0.687  0.002 0.993  0.017 
  ½  0.946  0.002 1.170  0.018 
  2 0.511  0.002 0.843  0.016 
Ordinary Chondrite only 1.75  0.003 2.13  0.025 
Carbonaceous Chondrite only 0.46  0.002 0.872  0.017 
Cometary Marterial only 0.047  0.001 0.15  0.007 
Lunar Regolith 0.903  0.002 0.959  0.016 
Soft Rock 0.327  0.001 0.561  0.013 
Hard Rock 0.193  0.001 0.295  0.009 
1 Isochrons fit to cumulative SFD using Craterstats2 program (Michael and Neukum, 2009)   
 764 
 765 
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 767 
Figure 1. (a) Initial velocity versus final velocity and (b) the ratio of initial and final projectile 768 
mass versus initial velocity for a range of projectile diameters (10 cm – 1 m) where objects have 769 
properties of ordinary chondrites (Table 1). Smaller, faster objects are more effectively 770 
decelerated and ablated. 771 
 772 
 773 
 774 
Figure 2. (a) General classes of projectiles based on initial mass and velocity. Large, slow 775 
projectiles: remain relatively unchanged as they are not energetic enough to ablate and too 776 
massive for the atmosphere to decelerate. Small, slow projectiles: the mass of the atmospheric 777 
column becomes comparable to the mass of the object and deceleration occurs. Fast projectiles: 778 
deceleration and ablation are significant as the energy of traversing a column of atmosphere at a 779 
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given velocity exceeds that required to ablate the entirety of its mass. The triangular wedge 780 
defines intermediate objects that would significantly ablate if deceleration does not occur, 781 
however deceleration limits the ablation. Model results of the ratios of initial and final 782 
(b)velocities and (c) masses are shown for projectile masses non-dimensionalized by the mass of 783 
the atmospheric column encountered on the x-axis and the initial projectile velocity squared by 784 
the energy per unit mass, σ−1, on the y-axis. For σ = 1 × 10−8 kg J−1, slow projectiles have vi < 10 785 
km s-1. 786 
 787 
 788 
Figure 3. Scatter plots of results from the Monte Carlo simulation with a bivariate distribution of 789 
velocities and projectile diameters for 2 × 105 events with initial entry angles 45° and ordinary 790 
chondritic compositions. (a) Impact velocity versus initial entry velocity, (b) initial and final 791 
mass ratio versus entry velocity, and (c) final crater diameter versus crater diameter without an 792 
atmosphere, i.e. crater diameter resulting from initial mass and velocity. The color scale of (a-c) 793 
shows the initial projectile diameter. (d-f) are the same as (a-c) but events are tagged with 5 794 
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colors representing the general class of projectiles as defined in figure 2 (Slow/Fast, 795 
Small/Large). This trend is show with arrows in (f). Deviations from the grey dashed lines in 796 
(a),(c),(d), and (f), and from the horizontal in (b) and (e), shows the magnitude of ablation and/or 797 
deceleration experienced by the objects. Crater diameters are determined assuming parameters of 798 
dry soil with effective strength, Ȳ = 65 kPa and ρt = 2000 kg m-3 (Holsapple, 1993). 799 
 800 
 801 
Figure 4. Profiles of (a) the percent of initial velocity, (b) the percent of initial diameter, and (c) 802 
the dynamic pressure for six ordinary chondrites in the martian atmosphere as a function of 803 
altitude with entry angles 45°. (d) Assumed atmospheric density with altitude. Note that while 804 
the faster projectiles decelerate to a greater relative extent, they experience larger dynamic 805 
pressure upon entry. Ablation is more sensitive to velocity, however, deceleration is more 806 
sensitive to projectile size, and therefore smaller objects tend to experience lower dynamic 807 
pressures. 808 
 809 
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 810 
Figure 5. Histogram of fragmentation altitudes using m = 0.65 MPa. Most fragmentation occurs 811 
~2-3 scale heights above the surface with few fragmentation events occurring at lower altitudes. 812 
 813 
 814 
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Figure 6. Histograms of crater diameters for (a) the 44 fresh craters reported by Daubar et al. 815 
(2013) and (b) the model using m = 0.65 MPa. Diameters of crater clusters are effective 816 
diameters (see text). The inset is the model craters for D > 5 m. 817 
 818 
 819 
Figure 7. (a) The modeled crater SFDs where no fragmentation occurs (i.e. m >> ρav2 for all 820 
meteoroids) and two different fragmentation characteristics: one favoring fewer fragments with 821 
few large fragments and many small fragments (nominal model), and one with a uniform random 822 
distribution of fragment numbers and sizes to increase the influence of fragmentation on the 823 
crater SFD. (b) The ratio of crater SFDs with and without fragmentation. The influence of 824 
fragmentation on the SFD is greatest at D  2 – 20 m. 825 
 826 
 827 
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 828 
Figure 8. Model Deff /D for: (a) individual crater clusters (b) a 2D histogram and (c) the mean in 829 
log Deff bins. Error bars represent the standard deviation in each bin. Deff  is increasingly 830 
unreliable at smaller sizes below ~10 m.  831 
 832 
 833 
 834 
Figure 9. Crater counts conducted on a ~5 km2 area north of the Zunil crater rim using HiRISE 835 
image PSP_001764_1880 which was calibrated and map-projected using ISIS (Integrated 836 
Software for Imagers and Spectrometers) and imported into Arcmap, with CraterTools (Kneissl 837 
et al., 2011) used to identify and measure crater diameters. (a) Location of Zunil crater count 838 
area in HiRISE image PSP_001764_1880. (b) Log-differential plot of Deff for crater counts for 839 
Zunil and the 44 new impact sites constrained by CTX (Daubar et al., 2013) (blue) and model 840 
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results (red) for the corresponding surface area and time. Cumulative crater frequency of (c) Deff 841 
and (d) for individual craters for crater counts (blue) and model results (red) using the 842 
Craterstats2 software tool (Michael and Neukum, 2009).  843 
 844 
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 846 
Figure 10. The cumulative SFD for the fresh craters from CTX-CTX detections (Daubar et al., 847 
2013), MOC (Malin et al., 2006), and model results, scaled to the same time/area, and the annual 848 
Hartmann (2005) isochron (gray line).  849 
Page 43 of 45 
 
 850 
 851 
Figure 11. (a) Location of North Ray crater count area (350 m  300 m blue box) in LRO NAC 852 
image M129187331 (NASA/GSFC/Arizona State Univ.). (b) The cumulative crater frequency of 853 
the crater counts (blue) and the model (red) using the Craterstats2 software tool (Michael and 854 
Neukum, 2009). The gray line indicates crater saturation. 855 
 856 
Page 44 of 45 
 
 857 
Figure 12. Sensitivity of cumulative SFD to model parameters. (a) Nominal model, fresh craters 858 
identified with MOC (Malin et al., 2006), and CTX (Daubar et al., 2013), and counts conducted 859 
on Zunil ejecta scaled to an annual isochron of Hartmann (2005). Estimated ages are for D = 4 – 860 
20 m and D = 20 – 300 m. Nominal model assumes: ρo = 0.02 kg m-3 consistent with the 861 
elevation of Zunil crater (-2.8 km), the distribution of meteoroid types with corresponding 862 
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ablation coefficients as given by Ceplecha et al. (1998), and target material properties consistent 863 
with dry desert alluvium, K1,= 0.24, μ = 0.41 and Ȳ = 65 kPa. (b) Results for atmospheric surface 864 
densities for the Highlands and Lowlands. (c) Results scaling the ablation coefficients, , by 0.5 865 
and 2. (d) Results assuming all projectiles made of ordinary chondrites, carbonaceous chondrites, 866 
or cometary material as defined in Table 1. (e) Results assuming target material properties of 867 
lunar regolith, soft rock, and hard rock. 868 
